Introduction
Malaria represents a severe problem of public health worldwide, with approximately 350-500 million clinical cases and 1-3 million deaths annually (Breman et al., 2004; Nahlen et al., 2005) . Among the four species of malaria parasite that infect humans (Plasmodium falciparum, Plasmodium vivax, Plasmodium malariae, and Plasmodium ovale), P. vivax is the most geographically widespread. It accounts for 70-80 million clinical cases annually, across much of tropical and subtropical Asia, Central and South America, the Middle East, and Africa (Mendis et al., 2001) . P. falciparum is the most malignant species, as it accounts for 80% of human malaria's morbidity and mortality, mostly in sub-Saharan Africa.
Determining the evolutionary history of Plasmodium parasites and their hosts holds a great biological relevance for understanding the pathogenicity and life-history traits of primate malarias (Martinsen et al., 2008; Rich et al., 2009 ). To date, molecular phylogenetic studies have mainly focused on the origin of P. falciparum and its relationships to other human and animal malaria parasite species (Waters et al., 1991; Escalante and Ayala, 1994; Escalante et al., 1995 Escalante et al., , 1998 Escalante et al., , 2004 Joy et al., 2003; Rich and Ayala, 2003; Jeffares et al., 2007) . Until recently, there has not been general agreement about the origin and age of the extant populations of P. falciparum (Rich and Ayala, 2000; Volkman et al., 2001; Mu et al., 2002; Joy et al., 2003; Hartl, 2004; Escalante et al., 2005; Hagner et al., 2007; Jeffares et al., 2007) . Indeed, the origin of P. falciparum still remains controversial. However, four recent papers (Rich et al., 2009; Prugnolle et al., 2010; Krief et al., 2010; Duval et al., 2010) indicate that P. falciparum originated from parasites of African great apes, most likely from P. reichenowi, a common chimpanzee parasite.
Much less is known about the evolutionary history of P. vivax, perhaps in part because its lesser virulence has not stimulated as much research as for P. falciparum, but also because it is difficult to maintain this parasite under in vitro continuous culture conditions (Golenda et al., 1997) . Phylogenetic analyses have placed P. vivax among the Asian primate malarias (Escalante et al., 1995 (Escalante et al., , 2005 Mu et al., 2005; Cornejo and Escalante, 2006) . Nevertheless, the high prevalence of Duffy negativity (absence of the Duffy blood-group antigen, which protects against vivax malaria infection) among human populations in sub-Saharan Africa has been interpreted as evidence favoring the African origin of P. vivax (Livingstone, 1984; Carter and Mendis, 2002; Carter, 2003) .
Recent studies have shown a paucity of synonymous sites in P. vivax, which may suggest that the world expansion of human vivax malaria is of recent origin (<10,000 years ago) (Cui et al., 2003; Feng et al., 2003; Leclerc et al., 2004; Lim et al., 2005) . A study, based on polymorphisms in two nuclear genes and one plastid gene, suggests that the extant populations of P. vivax originated 45-82 Kya (Escalante et al., 2005) . The discovery of near genetic identity between P. vivax and P. simium, a platyrrhine monkey parasite, raises the possibility that a host transfer has occurred between humans and New World monkeys in very recent evolutionary times (Escalante and Ayala, 1994; Ayala et al., 1999; Leclerc et al., 2004; Escalante et al., 2005) . Moreover, a study based on polymorphisms in the Csp (circumsporozoite protein) gene has shown that at least two host transfers have occurred between humans and New World monkeys, with alternative reasons given that favor one or the other of the two possible directions of host transfer (Lim et al., 2005) .
Questions about the origin and the evolutionary history of another human malaria parasite, P. malariae, also remain largely unresolved, partly because it is not as predominant as it may once have been and, thus, it has failed to stimulate as much research as P. falciparum or even P. vivax. P. malariae is genetically indistinguishable from P. brasilianum, a parasite infecting New World monkeys in Central and South America, which again suggests a recent host transfer between humans and primates (Escalante et al., 1995 Qari et al., 1996) . The direction of the transfer remains also unsettled, with available reasons favoring one or the other of the two possible directions of host transfer, New World monkeys to humans or vice versa (Ayala et al., 1998) .
Our study combines, for the first time, the analysis of sequences available in GenBank for four different genes, three protein-coding genes: Csp (circumsporozoite protein), Cytb (cytochrome b), Msp-1 (merozoite surface protein-1), as well as the SSU rRNA gene. These sequences have not previously been analyzed together. In contrast to previous works, our study investigates the evolutionary and phylogenetic relationships, not only between P. vivax and P. simium, but also between P. malariae and P. brasilianum. Studies focusing on this last pair of species still remain limited, if not inexistent. In our study, we did not intend to show that P. vivax and P. simium are close relatives and that P. malariae and P. brasilianum are also close relatives. Those facts have been already documented in previous studies. Our work aimed to compare the evolutionary history between these two pairs of species and to determine if the host transfers in those species occurred from humans to New World monkeys. The originality of our work also relies on the unique combination of the analytical approaches used, which would allow us to predict the direction of transfer of these pathogens between humans and New World monkeys. According to data generated from previous studies, we expect a scarcity of synonymous substitutions in both human malarial species. A recent origin of both human parasites is therefore expected, with a possible scenario that host transfers occurred from humans to monkeys after the colonization of the Americas. Our results support a recent transfer in both cases, although we cannot settle with certainty the direction of the host transfer, owing particularly to the limited availability of strains of the two primate malarias, P. simium and P. brasilianum. Our PAML analysis also indicated the lack of sites under diversifying selection for the genes studied, with the exception of the Csp gene in P. vivax and P. simium. This finding is consistent with the recent origin of one of these two parasite species. Moreover, no positively selected site was identified in the Csp and Msp-1 genes in P. malariae and P. brasilianum. This result suggests that P. malariae and P. brasilianum may have diverged even more recently than P. vivax and P. simium. In any case, the scarcity of neutral polymorphisms suggests that both, P. vivax and P. malariae, are recent human parasites or, alternatively, that they have experienced recent population bottlenecks. Table 1 lists the geographic origin of the malaria strains and their accession numbers for the coding sequences of the Csp, Cytb and Msp-1 genes, as well as the SSU rRNA gene sequences. The genes of P. vivax, P. malariae, P. simium, and P. brasilianum are from isolates collected from global malarial endemic regions. The number of sequences varies greatly among species and genes, with fairly numerous strains of P. vivax Csp (24 sequences), Cytb (32 sequences), and SSU rRNA (8 sequences); but only 1-4 strains of P. malariae Csp, Msp-1, and SSU rRNA; and only one, two, or three of P. simium and P. brasilianum for any given gene. All sequences were obtained from GenBank and represent the sequences available in this database for each species and the respective genes. In comparison with the P. vivax sequences, there is unfortunately a significant scarcity of sequences in the other species for the genes analyzed. Sequences from P. cynomolgi, P. simiovale, P. knowlesi, and P. gonderi, also from GenBank, are used for outgroup comparisons. Our total dataset consists of 95 sequences. The Csp and Msp-1 genes include a large central region of repeats that vary in number and sequence. The Csp sequences, but not the Msp-1 sequences, from GenBank included the central repeat region. The Csp central repeat region is only taken into account in the phylogenetic reconstruction of the strains, but not in the other analyses.
Materials and methods

DNA sequences
Alignment and phylogenetic analyses
The sequences for each gene were aligned using MUSCLE, a multiple sequence alignment software (Edgar, 2004) , and the resulting alignments were checked using MacClade 4.05 (Maddison and Maddison, 2000) . In order to get more reliable alignments for all genes in our phylogenetic analyses, Gblocks v0.91b was used to select the conserved blocks in the alignments (Castresana, 2000; Talavera and Castresana, 2007) . The phylogenetic analyses were performed using Maximum Likelihood (Felsenstein, 1981) with nodal support assessed via bootstrapping (1000 pseudoreplicates) (Felsenstein, 1985) as implemented in PhyML (Guindon and Gascuel, 2003) ; and Bayesian methods coupled with Markov Chain Monte Carlo (BMCMC) inference as implemented in MrBayes v3.1.2 (Ronquist and Huelsenbeck, 2003) . Model selection for these analyses followed the procedure outlined by Posada and Buckley (2004) as implemented in ModelTest v3.6 (Posada and Crandall, 1998) . For the BMCMC techniques, two independent analyses were run, each consisting of four chains. Each Markov chain started from a random tree and run for 2.0 Â 10 7 cycles, sampling every 1000th generation. In order to confirm that our Bayesian analyses converged and mixed well, we monitored the fluctuating value of likelihood and compared means and variances of all likelihood parameters and likelihood scores from the independent runs using the program Tracer v1.4.1 (Rambaut and Drummond, 2009 ). All sample points prior to reaching stationarity were discarded as burn-in. The independent runs gave identical results for each of the four genes.
Haplotype network reconstruction
A haplotype network was constructed for each gene using the method of statistical parsimony (Templeton et al., 1992) , as implemented in the software package TCS v1.21 (Clement et al., 2000) . Due to the genetic relatedness between P. vivax and P. simium, and between P. malariae and P. brasilianum, the haplotype Table 1 Plasmodium species, geographic origin, haplotype, accession numbers, and VK types for all analyzed sequences of four genes (Csp, Cytb, and SSU rRNA network reconstruction (TCS network) provides indeed very useful information beyond the phylogenetic analyses. In addition to geographic information, the TCS network indicates the effects of recombination and the presence of homoplasy in the dataset. Moreover, this analysis enables us to determine the number of mutational steps between strains. The Csp central repeat region is not taken into account for this analysis and for the remaining analyses. Only the silent nucleotide sites in the Csp and Msp-1 sequences were considered in the haplotype network reconstructions, because these two genes are subject to strong selective pressure and, therefore, amino-acid replacements may not reflect accurate evolutionary relationships between P. vivax and P. simium, or between P. malariae and P. brasilianum (due, e.g., to convergence). For this program, sequences are collapsed into haplotypes, and frequencies of the haplotypes are calculated. An absolute distance matrix is also calculated for all pairwise comparisons of haplotypes. Therefore, the networks for P. vivax + P. simium and P. malariae + P. brasilianum are constructed so that the squares (haplotypes with the highest outgroup probability) and circles (other haplotypes) represent actual sequences derived from the strains analyzed. The size of the squares and circles is proportional to the number of sequences displaying the same genotype. Each small solid circle represents a putative sequence in the evolutionary pathway. The solid lines on a network represent one-step mutational connections among distinct genotypes (observed or putative) with at least a 95% degree of confidence, whereas the dashed lines represent a more tenuous connection. The networks for all sequences analyzed in the different malaria species provide no evidence for recombination events and homoplasy. All our analyses are therefore not compromised.
Tests of selection
We used the likelihood methods implemented in the CODEML program in the PAML package v4 (Yang, 2007) for detecting selection acting on specific codons in the protein-coding genes (Csp, Msp-1, and Cytb). We estimated v (dN/dS ratio) and the proportion of sites (p) with v > 1 using the codon-based nested models M1 (neutral), M2 (selection), M7 (beta), and M8 (beta and v) (Goldman and Yang, 1994; Yang et al., 2000) . Model likelihood scores were compared using a Likelihood Ratio Test (LRT) to determine the best-fit model. When two models are nested (M1 vs. M2, M7 vs. M8), twice the log-likelihood difference was compared with a x 2 distribution where the degrees of freedom equal the difference in the number of free parameters between the two models. When v is greater than 1 in M2 or M8, positively selected sites are inferred. We used the empirical Bayesian approach to identify the potential sites under diversifying selection as indicated by a posterior probability (pP > 0.95) (Nielsen and Yang, 1998; Yang et al., 2005) .
Genetic diversity estimates
The genetic diversity (u) was determined using LAMARC v2.0.2 (Kuhner, 2006) , which provides a Maximum Likelihood estimate of theta (u = 2N e m; N e is the effective population size and m is the mutation rate per site) for comparing the genetic diversity between P. vivax and P. simium, and between P. malariae and P. brasilianum. Three independent runs were performed for this analysis to ascertain the reproducibility of the genetic diversity estimates. In addition to theta, we also estimated other polymorphism statistics between strains and between the two pairs of species of interest, including p S , the average pairwise differences per site between sequences, as well as the number of segregating synonymous sites S, using the program DnaSP v5 (Librado and Rozas, 2009 ). For the coding sequences (Csp, Msp-1 and Cytb), only the silent nucleotide sites were considered. In our study, we used different programs in order to strengthen the conclusions drawn from the genetic diversity estimates. Fig. 1 . Phylogenetic relationships among strains of Plasmodium vivax and Plasmodium simium based on three genes: Csp (a), Cytb (b), and SSU rRNA (c). The arrows highlight the position of P. simium strains in the phylogenetic trees. The Csp sequences are of two types, VK210 and VK247, which differ by three diagnostic amino-acid replacements in the two terminal regions of the gene, as well as by the repeated amino-acid ''motifs'' that make up the central region (Lim et al., 2005) . The VK type is noted for each strain (the strain numbers for 247 are in boldface type). Notice that the P. simium strains are one of each type. Two P. vivax strains are recombinant (marked with **; see Table 1 ). Numbers above branches indicate bootstrap support (ML methods) and numbers below branches indicate Bayesian posterior probabilities converted to percentages. 
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Results
Fig. 1 displays the phylogenetic relationships among the P. vivax and P. simium strains for each of the three genes studied in these two species (Csp, Cytb, and SSU rRNA). Fig. 2 shows the phylogenies derived from the Csp, Msp-1, and SSU rRNA genes among the P. malariae and P. brasilianum strains. The outgroups yield similar phylogenetic trees for all the genes analyzed, confirming indeed the stability of the topology of these trees. Notice, however, the position of one P. simium strain (U69605) in the SSU rRNA phylogeny (see Fig. 1c ), which is closer to P. cynomolgi than to P. vivax or to the other P. simium strain (AY579415). For the other two genes, the P. simium strains fit well within the P. vivax clade, and far removed from P. cynomolgi and the other two species.
Overall, the phylogenetic analyses confirm the similarity between P. vivax and P. simium, as well as between P. malariae and P. brasilianum, with the major clades showing good statistical support, represented by high bootstrap values and posterior probabilities (see Figs. 1 and 2) . The only exception, as just noted, is observed in the phylogeny derived from the SSU rRNA gene, where a strain of P. simium (U69605) is clustered with P. cynomolgi rather than with P. vivax or the other P. simium strain (AY579415) (see Fig. 1c ). Both Maximum Likelihood and Bayesian approaches support this observation with significant statistical support. Indeed, the genetic distance (number of nucleotide substitution) between the U69605 P. simium strain and P. cynomolgi strain is 0.067, smaller than the genetic distance between the two P. simium strains (0.090) (see Table 2 ), and also smaller than the average distance between the two P. simium strains and all the P. vivax strains (0.082 AE 0.007), or between the two P. simium strains and the combination of all P. vivax and P. cynomolgi strains (0.082 AE 0.007), although these differences lack statistical significance. Notice that the differences in average distances of the two simium strains to all vivax, or to all vivax plus cynomolgi and/or knowlesi, or to these two other species combined, are not statistically significant (see Table 3 ).
Measures of genetic diversity (u), in addition to other polymorphism statistics (S and p S ), are shown in Table 4 . Because of the small number of P. simium strains (two or three per locus), the genetic diversity (u) values for this species have large confidence intervals. This analysis indicates greater genetic diversity in P. vivax than P. simium at the two protein coded locus, but not at SSU rRNA, where the two simium strains are considerably different from one another, as noted above and resulting in the phylogenetic position of one simium strain close to P. cynomolgi (see Fig. 1c ). In any case, the values of u and p S for P.
vivax are not significantly different from those of P. vivax + P.
simium (see Table 4 ). In the Cytb gene, p S = 3.7 Â 10 À4 in P. vivax strains, whereas no polymorphic site (p S = 0) has been identified among the three P. simium strains. In the Csp gene (the central repeat region of which is not considered for estimating the genetic parameters in Table 4 ), p S = 1.0 Â 10 À3 for P. vivax strains, but no polymorphic site occurs in P. simium strains (p S = 0). The u and p S values of the P. malariae strains are quite similar to the combination of P. malariae + P. brasilianum at any of the three loci investigated in these two species, but the confidence intervals of u are very large due to the small number of strains (see Table 4 ).
The number of segregating synonymous sites in P. vivax and P. simium is low, with only three among the 24 strains of P. vivax in the Csp gene and only two among the 32 strains of the same species in the Cytb gene (see Table 4 ). There are no segregating synonymous sites in P. simium in either gene. In contrast, the number of segregating synonymous sites is relatively high in P. malariae and P. brasilianum in the Csp and Msp-1 genes, respectively. In fact, the analysis of the Csp gene in P. malariae shows two segregating synonymous sites among the four strains studied; and two segregating synonymous sites among the two strains of P. brasilianum are detected in the Msp-1 gene (see Table 4 ). In the SSU rRNA gene, there is a high number of polymorphic sites in P. vivax (183) and P. simium (68), but few (only six) in P. malariae and P. brasilianum (see Table 4 ).
Haplotype networks for P. vivax and P. simium using Csp, Cytb, and SSU rRNA genes are shown in Fig. 3 ; and for P. malariae and P. brasilianum, using Csp, Msp-1, and SSU rRNA genes, are shown in Fig. 4 . The Csp and Msp-1 haplotypes do not include the central repeat region; only silent nucleotide sites are considered in these genes. The P. vivax-P. simium haplotype networks are considerably more complex than those of P. malariae-P. brasilianum, with several unique genotypes relative to the number of sequences analyzed, doubtless owing to the larger number of strains of the first pair of species. There is some geographic clustering, but a Table 2 Genetic distance between SSU rRNA sequences from Plasmodium vivax, Plasmodium simium, Plasmodium cynomolgi, and Plasmodium knowlesi, calculated using the PAUP* v4.0b10 software (Swofford, 2002 Table 3 SSU rRNA genetic distances (with standard deviation) between various combinations of species and the two Plasmodium simium strains. These analyses were performed using the program MEGA v4.1 (Tamura et al., 2007; Kumar et al., 2008 Table  1 and Fig. 3b ). The networks display high genetic diversity among P. vivax strains. In the Csp gene, there are nine haplotypes (out of a total of 13) that consist each of a single P. vivax strain. All SSU rRNA haplotypes (H29 to H38) are represented each by only one strain, all separated by several mutations. The haplotype networks for P. malariae and P. brasilianum confirm the results showing these two species as genetically quite similar. The Csp haplotype network shows that the three African P. malariae strains (H16 and H17) are more closely related to each other than to the other strain isolated in East Asia (S69014; H15), which differs from P. brasilianum (H14) by only one mutational step (see Fig. 4a ). Notice however that P. brasilianum is mainly represented as a putative outgroup displaying the highest outgroup probability in these networks (see Fig. 4) . Likelihood values and parameter estimates for different codon-substitution models of selection in the protein-coding genes are shown in Table 5 . In our PAML analysis, we used two different nested models (M1/M2 and M7/M8) to test for positive selection in the three protein-coding genes (Csp, Msp-1 and Cytb). Both models gave identical results, which excludes the effect of recombination in this analysis. The Likelihood Ratio Tests (LRTs) comparing models M2 and M8 with M1 and M7, respectively, do not reject the null model (''no selection'') in favor of the models allowing for positively selected sites, except for the Csp gene in P. vivax and P. simium. All models tested provide consistent and significant evidence for the lack of sites under positive diversifying selection in P. malariae (Csp gene) and P. brasilianum (Msp-1 gene). Similarly, no positively selected site is detected in the Cytb gene in P. vivax and P. simium. The Bayesian approach identifies four and one positively selected sites in the Csp gene in P. vivax and P. simium, respectively, under model M2; and four and three potential sites under positive selection in P. vivax and P. simium, respectively, under model M8. All sites in model M2 are included in those of model M8 (pP > 0.95) (see Table 5; Supplementary  Table S1 ).
Discussion
The circumsporozoite protein (CSP) has been extensively studied in human Plasmodium parasites because of its immune significance as the major surface protein of the sporozoites. The Plasmodium Csp gene, which encodes CSP, consists of a 5 0 -NR terminal region, a central region of tandem repeats, and a 3 0 -NR terminal region. Based on an analysis of 492 bp from the two terminal regions, Escalante et al. (1995) showed that the human parasite P. vivax is genetically indistinguishable from the New World monkeys' parasite, P. simium, which suggests a recent lateral host switch between humans and platyrrhine monkeys, although the direction of the switch (humans to monkeys, or vice versa) could not be determined on the basis of their genetic data. Table 4 Polymorphism statistics (u, p S and S) for the four genes analyzed (Csp, Cytb, Msp-1, and SSU rRNA). Only the silent nucleotide sites were considered for the coding sequences. p S and S were estimated using the DnaSP v5 software (Librado and Rozas, 2009 4.9 Â 10 À3 to 5.0 Â 10 À2 n = sample size; S = segregating synonymous sites; p S = average pairwise differences per site; and u = genetic diversity.
Table 5
Log-likelihood values and parameter estimates (v, p, and n) for three protein-coding genes: Csp, Msp-1 and Cytb. 
ln L = Likelihood values; v = acceptance rate per site (v M2 and v M8 ); p = proportion of sites under diversifying selection (p M2 and p M8 ); and n = number of positively selected sites with a posterior probability > 0.95 (n M2 and n M8 ).
* The value of v (dN/dS ratio) in the Csp gene in P. simium (v = 1) indicates the absence of synonymous substitutions (dS = 0) in the sequences analyzed. Only three nonsynonymous substitutions (dN = 3) are detected in these sequences. Lim et al. (2005) extended the analysis to the complete Csp sequence and proposed that the host switch occurred at least twice. Two CSP types were earlier distinguished in P. vivax, VK210 and VK247, with distinctive composition of the repeating units in the central region of the protein sequence (Rosenberg et al., 1989; Kain et al., 1992; Gonzalez et al., 2001) . Lim et al. (2005) found that the two CSP types, VK210 and VK247, are in fact different in each of the four regions that make up the gene: the 5 0 -NR and 3 0 -NR terminal regions, the central repeat (CR) region, and an insertion region (IR) between CR and 3 0 -NR. The two types, VK210 and VK247, differ by three diagnostic amino-acid replacements, one in each of the 5 0 -and 3 0 -terminal regions (5 0 -NR and 3 0 -NR) of the gene and in the insertion (IR) sequence that precedes the 3 0 -NR region. The central region (CR) of the gene consists of about 38 repetitive ''motifs,'' which are alternatively four and five amino-acids long, which also are diagnostically different between the VK210 and VK247 types. Lim et al. (2005) excluded as unlikely the possibility that the two types of sequences could have independently arisen in humans and platyrrhines by natural selection. Escalante et al. (1995) found very little genetic variation among the four strains of P. vivax and two of P.
[ ( ) T D $ F I G ] simium in their study. Similarly, Lim et al. (2005) found very little synonymous variation among the 26 strains of both species (24 strains of P. vivax, representatives of the world distribution of the species, and two of P. simium, both from Brazil): only four segregating sites in the 5 0 and 3 0 regions (480 bp long combined). Amino-acid replacements were considerably more numerous: 17 polymorphic sites among the 26 strains. Amino-acid replacements may come about by natural selection. Silent substitutions, however, are likely to be neutral, or nearly so, and thus silent polymorphisms accumulate more or less gradually over time. The scarcity of silent polymorphisms among the geographically widely-representative strains of P. vivax was interpreted by Lim et al. (2005) , as well as by Escalante et al. (1995) , as evidence that the world expansion of P. vivax has happened in recent times, perhaps only a few thousand years ago. The lack of genetic differentiation between P. vivax and P. simium was, accordingly, interpreted as indication that the two host switches evidenced by their data have also occurred in recent times. Indeed, if the host switches occurred from humans to platyrrhines, they could not likely have happened before the human colonization of the Americas, some 15 thousand years ago, and perhaps only after the European colonizations of the last five centuries, when sedentary human populations would have made the transmission of malaria more probable.
We have analyzed the genetic polymorphism of P. vivax and P. simium in two nuclear genes, Csp and SSU rRNA and one mitochondrial gene, Cytb. The scarcity of silent polymorphism in the two protein-encoding genes indicates, once again, a recent world expansion of P. vivax. All three genes evince that P. simium is genetically no more different from P. vivax than different strains of P. vivax are from each other, which is, again, consistent with a recent host transfer from humans to New World monkeys or vice versa. The phylogenies displayed in Fig. 1 , particularly those of Csp and Cytb, show that there is no greater genetic differentiation between strains from remote geographic regions (say, Brazil, Thailand, Gabon, and Salomon Islands-see top of Fig. 1a ) than between those geographically more proximal, which is consistent, once more, with a recent world expansion of P. vivax.
An issue we sought to elucidate is the direction of the host switch. There are a number of biological and historical reasons why the transfer from humans to New World monkeys seems more likely than from monkeys to humans. Other reasons would seem, rather, to favor a transfer from New World monkeys to humans (Escalante et al., 1995; Ayala et al., 1998; Mu et al., 2005) . If the host switch between P. vivax and P. simium was from humans to monkeys, a biological puzzle arises. Humans are biologically (evolutionarily) more closely related to Old World monkeys (catarrhines) than to New World monkeys (platyrrhines). If lateral host switch from humans to monkeys were likely, it would be more likely that the natural transfer would have been to our closer, rather than to our more remote relatives. Moreover, humans and their ancestors have been geographically associated with catarrhine monkeys for millions of years, but only for several thousand years with platyrrhine monkeys. If the natural transfer from humans to monkeys were likely, it would have been much more likely that the transfer would have occurred to species with which humans have been in geographic association for the much longer period. In a recent study, Garamszegi (2009) investigated the association between the evolutionary history of primate malaria parasites and that of their hosts, as well as the evolutionary constraints of host specialization. The concordance between host and parasite phylogenies is found to be heterogeneous: while the evolution of some malaria pathogens is strongly dependent on the phylogenetic history of their primate hosts, the congruent evolution is less emphasized for other parasite lineages (e.g., for human malaria parasites). Garamszegi (2009) suggested that the host transfer could have occurred from humans to monkeys, or vice versa. The emergence of new malaria disease in primates including humans cannot therefore be predicted from the phylogeny of parasites. In our study, both phylogeny and geographic proximity were used for predicting host transfers between humans and monkeys, as presented by Davies and Pedersen (2008) .
This biological puzzle has been solved very recently, first for P. falciparum and P. reichenowi (Rich et al., 2009) . Rich et al. (2009) gave a strong support for P. falciparum evolving from P. reichenowi. Varki and collaborators (Martin et al., 2005; Varki, 2007; Varki and Nelson, 2007) have also proposed that ancestors in the human lineage became resistant to P. reichenowi (or a related species ancestral to both P. reichenowi and P. falciparum) approximately 2-3 million years ago when a mutation in the cytidine monophosphate-N-acetylneuraminic acid hydoxylase gene (CMAH) led to the disruption of the biosynthetic pathway of N-glycolylneuraminic acid (Neu5Gc) from its precursor N-acetylneuraminic acid (Neu5Ac) (Chou et al., 2002; Hayakawa et al., 2006) . Both molecules are erythrocyte-bound sialic acid carbohydrates, but Neu5Gc is the preferred receptor of P. reichenowi binding. Because of the CMAH mutation, humans fail to produce Neu5Gc, and instead have Neu5Ac, to which P. reichenowi has been found to have several-fold lower binding efficiency, making humans resistant to infection by this parasite (Martin et al., 2005) . This molecular adaptation is not unique since other loss-offunction mutants in erythrocyte receptor glycoproteins are also known to confer resistance of humans to other Plasmodium species. For example, mutation in the genes encoding the erythrocyte Duffy antigens leads to the Duffy-negative phenotype, which renders these hosts impervious to P. vivax infection. The Duffy-negative phenotype is extremely prevalent in sub-Saharan Africa, which explains the virtual absence of vivax malaria from large portions of the African continent (Mason et al., 1977a,b) . Varki and collaborators argue that one P. reichenowi strain circulating in human hosts eventually gained an advantageous mutation in the gene encoding the erythrocyte-binding-like receptor molecule EBA-175, which binds host erythrocyte sialic acid. This mutation entailed a switch from preference for binding of Neu5Gc to a preference and high binding affinity for Neu5Ac. Hence, a fundamental adaptation to the human host environment arose in the P. falciparum cenancestor and has persisted in its extant progeny (Rich et al., 2009) . Experimental studies indicate that P. falciparum's adaptation to the novel receptor (and hence the novel host), was reinforced by the fact that the presence of Neu5Gc receptors actually interferes with the binding of P. falciparum EBA-175 with its preferred Neu5Ac receptor, thus ensuring that the reciprocal back transfer from humans into chimpanzees or any other catarrhines would be unlikely (Martin et al., 2005; Rich et al., 2009; Varki and Gagneux, 2009) . However, it is the case that New World monkeys are also unable to synthesize Neu5Ac and, instead, accumulate Neu5Ac, its precursor in the biosynthetic pathway. Thus, P. vivax might have been able to invade New World monkeys, but not Old World monkeys. Thus, the discovery just described might account for both, the recent world expansion of P. vivax and why the host switch from humans to New World monkeys was possible while the transfer to Old World monkeys was not.
Previous studies have indicated the recent expansion of P. vivax and P. malariae in human populations. The host switch between humans and monkeys might, therefore, have occurred through a single transfer associated with a bottleneck, after the European colonization of the Americas in the 16th century. The direction of the host transfer can then be resolved by comparing the genetic diversity of the human and primate parasites.
If the transfer occurred from humans to primates, the level of genetic diversity in silent and other neutral nucleotide sites is expected to be lower in the primate parasite population than in the human parasite population. However, one can assume a variety of possible scenarios. For example, repeated transfers from the donor to the recipient host. This would increase the number of silent polymorphisms in the recipient host, but it would be expected to remain below the level in the donor-unless, of course, an extreme bottleneck would have occurred in the donor's parasite, which seems unlikely. In any case, the scarcity of available strains does not allow us to test any of the alternative scenarios, so that extended speculation would seem unwarranted.
Our study suggests that P. simium might have derived from P. vivax, whereas P. malariae might plausibly derive from P. brasilianum. For the SSU rRNA gene, we observed that one strain of P. simium (U69605) was clustered with P. cynomolgi whereas the other simian strain (AY579415) was mixed with the other P. vivax isolates. This can suggest, like a previous study (Lim et al., 2005) , that the host transfer between humans and New World monkeys could have occurred twice, with the plausible scenario that P. vivax has been introduced first into New World monkeys following the arrival of Europeans to the New World. Moreover, the time of divergence of P. vivax from P. cynomolgi, a closely related parasite of Old World monkeys, has been estimated at 2-3 million years ago (Carter and Mendis, 2002) . Considering that New World and Old World simians diverged from each other around 40-50 million years ago (Kumar and Hedges, 1998 ) and that they have been geographically isolated from each other, we would therefore expect that P. vivax could not likely have been derived from P. simium. Our study pointed out a relative high genetic diversity in P. vivax strains in comparison with P. simium strains, suggesting that P. simium could have originated from P. vivax. However, an increase in the number of primate strains analyzed is needed to confirm this suggestion on the direction of the transfer. For the pair P. malariae-P. brasilianum, our analyses indicated that P. brasilianum strains seem to be likely more divergent than P. malariae. P. malariae may have appeared therefore as a species derived from P. brasilianum. In addition to our general expectation, additional factors may indeed alter the expectation such as several transfer episodes between the human parasite population and the primate parasite population, severe bottlenecks in the original host parasite population, or continuous migration between the two populations after the host transfer. However, also in this case, the lack of enough sequences from both malarial species resulted in a potential limitation for drawing strong predictions for the direction of transfer between these two species.
In our study, we used sequences available in GenBank for four different genes, three protein-coding genes: Csp, Cytb, Msp-1, and the SSU rRNA gene. Those sequences were appropriate and not too conserved for testing the predictions of the host transfer in this study. Even though the overall dataset was limited in terms of number of sequences analyzed in each strain, its quality, length of sequences and power to test the predictions are very adequate. Using four different genes, instead of only one gene increases the significance of our tests. All genes analyzed showed concordant results. In addition to the genes used for this study, the SNP (Single Nucleotide Polymorphism) analysis of the genome of the different primate and human parasite species would have been another good genetic marker for the predictions of the host transfer. Escalante et al. (1995) showed that P. malariae and the platyrrhine P. brasilianum were genetically indistinguishable with respect to the Csp gene. Our results corroborate that result and extend it to two other nuclear genes, SSU rRNA and the proteinencoding Msp-1. Our results indicated that P. malariae, similarly to P. vivax, has very low silent variation and, thus, that its worldwide distribution-represented in our study by strains from Asia, Africa, and South America-may be of recent origin or may have recently experienced a population bottleneck. The very limited number of strains studied makes, however, these conclusions tentative at best.
Whether the host transfer between P. malariae and P. brasilianum was from humans to New World monkeys or vice versa, elicits the same issues, and the same likely answers, as the question of the direction of the host switch between P. vivax and P. simium. The isolation of additional strains of P. brasilianum might, as in the case of P. simium, make possible to obtain the requisite genetic information for settling the matter.
